Study design. Retrospective study of the coronal curvature measurement on ultrasound (US) images with the aid of previous radiographs. Objective. To compare the reliability and accuracy of the coronal curvature measurements from US images on children who have adolescent idiopathic scoliosis (AIS) with and without the knowledge of previous radiographs. Summary of Background Data. Using US imaging technique to measure coronal curvature on children with AIS has demonstrated high intra-and interrater reliabilities. However, the selection of end-vertebrae and the measurement difference between radiography and the US method were only moderately reliable. Methods. Two raters measured the coronal curvatures from 65 AIS standing US spine images, without (measured one time) and with the aid of previous standing radiographs (measured two times). The intra-and interrater reliability, the correlation and the difference between the radiographic and US measurements, and the error index of the end-vertebrae selection were assessed. Results. Overall, 109 curves were investigated. The intraclass correlation coefficients (ICC) of intra-and interrater reliability of the US coronal curvature measurement with the aid of previous radiographs (AOR) were 0.95 and 0.91, respectively. In comparison with the radiographic measurements, the correlation of AOR method (R 2 ) was 0.90 and the MAD was 2.88; the corresponding results of the US measurement without the AOR (blinded US method) were 0.738 and 4.88, respectively. The average error index on end-vertebral selection improved 43% with the AOR. Conclusion. The AOR method significantly improved reliability and accuracy of the spinal curvature measurement on US images compared with the blinded US method (P<0.001). It indicates that US standing images with the AOR can be used as a reliable and accurate nonionizing imaging method to monitor children with AIS.
A dolescent idiopathic scoliosis (AIS) is a 3-dimensional deformity of the spine, which is characterized by the lateral curvature of the spine and vertebral rotation. The Cobb angle measured on standing posteroanterior (PA) radiograph is the gold standard to diagnose and monitor AIS. 1 Most clinicians also use the Cobb angle to estimate the risk of curve progression, decide treatment options, and evaluate treatment outcomes. [2] [3] [4] Thus, many studies have focused on the intra-and interrater reliability of the Cobb angle measurement. The errors of the Cobb method for the manual measurement on radiographs are within the range of 38 to 78. 5 With the introduction of the computer-aided measurement based on digital radiography, the intraobserver variability with 95% confidence interval (CI) improved to as low as 2.68. 6 In a study of Cobb angle measurement on electronic radiographs involving six observers on 48 patients with scoliosis, the mean intraclass correlation coefficients (ICC) value for intra-and interobserver reliabilities were 0.96 and 0.93, respectively. 7 The
A child with AIS who is in high risk of progression or under treatment typically is subjected to multiple radiographs per year until skeletal mature. The exposure to this ionizing radiation is a significant concern for the patients and their families. An increased risk of breast cancer in female patients has been reported because of radiographic monitoring of scoliosis. 10, 11 To reduce or eliminate the potential radiation hazard, alternative imaging methods instead of radiography have been sought. Ultrasound (US) imaging is one of the most promising methods with the advantages of nonionizing radiation, low cost, and portability. Suzuki 19, 20 also conducted phantoms studies to determine which vertebral landmarks could be used to measure the coronal curvature. They reported that the center of laminar (COL) method on the US images should provide a highly reliable method to derive the proxy Cobb angle.
Phantom studies provided significant groundwork for applying US imaging for scoliosis study. The objectives of this clinical study were to investigate whether the reliability and accuracy of the coronal curvature measurements of AIS from the US standing images would be improved with the aid of previous standing radiographs (AOR). The ultimate goal is to reduce the number of radiographs taken on children with nonprogressive scoliosis.
MATERIALS AND METHODS

Clinical Patients
Sixty-five AIS patients (females: 54, males: 11; mean age: 14.7 AE 1.9 yrs) were recruited from the local scoliosis clinic between August 2013 and April 2014. All patients met the following inclusion criteria: they (1) had at least one previous out-of-brace PA radiograph and (2) had their major Cobb angle reported from the previous clinical record between 108 and 458. The exclusion criteria were patients who had spine surgery or required inbrace radiographs on the study day. The average time duration between the previous radiograph and the dual imaging of radiograph and US scan was 8.7 AE 3.9 months. Ethics approval was granted from the local health research ethics board and all the participants signed informed consent before the study.
Data Acquisition and Measurement
During the study day, each patient received a routine clinical PA standing radiograph and a full US spine scan (C7-L5). The two image acquisitions were performed within an hour. All US scans were acquired by a single operator using the SonixTABLET system (Analogic Ultrasound -BK Medical, Peabody, MA) and processed using a custom inhouse program. 21 The standing posture of the US scans was standardized with instructions by the same US operator that the hand was touching to a wall.
To perform the study, two raters were involved: rater 1 was a new researcher with about 4 months experience doing scoliosis and ultrasound measurements; rater 2 had 1 year experience in measuring spinal curvature on both radiographs and US images. The COL method 19, 20 was used to measure the coronal curvature on US images. Both raters performed the blinded US imaging method first when blinded to clinical information. These measurements were used to confirm there was no significant difference between the current measurements and the previous study, 21 and to compare the difference from the US method with the AOR method. 22 When using the AOR method, both raters measured the US images twice with 1 week apart to reduce the recall bias. In the AOR method, T12 was firstly determined based on the last pair of ribs, and the vertebral levels were then identified on the US image. 21 Raters overlaid the previous radiograph and current US image by lining up the corresponding designated points, using the lamina on US images and pedicles on radiographs to identify and overlay each vertebra ( Figure 1 ). The measurement was made on the overlaid images. The previous Cobb angle measurements were shown on the assisted radiographs, which simulate the information that is typically used in a clinic setting to determine if the scoliosis has changed since the time of the last examination. 22 The goal of this study is to investigate if the reliability and accuracy of the AOR method can be improved over the blinded US method.
Statistical Analysis
The radiographic measures exported from the clinical records were used as the reference to compare the measurements from both blinded and AOR US measurements. Table 1 lists the Cobb angle information of the 109 curves measured on the study day. The angles ranged from 108 to 468 and the average was 24.88 AE 9.08. All the curves were also categorized by curve type based on the location within the spine.
The two sets of the AOR US measurement from both raters were used to assess the intrarater analysis, whereas the second set of the AOR US measurements from both raters were used for other analysis including the interrater reliability and comparison with the radiographic methods.
Statistical parameters, mean absolute difference (MAD), standard deviation (SD), standard error of measurement (SEM), and ICC [2,1] using a two-way random model and absolute agreement with CI of 95% were calculated to evaluate reliability and accuracy. The ICC value was characterized as very reliable (0.80-1.00), moderate reliable (0.60-0.79) and questionable reliable ( 0.60). 23 The R 2 (coefficient of determination) was computed to assess the correlation between US and radiographic measurements. All P values were calculated using a student's paired two-tailed t test. 
, and L 2 were the level of the upper and lower end-vertebrae determined from radiograph and US, respectively, and n was the number of the curves.
RESULTS
For the blinded US method, the interrater reliability [ICC (2,1)] between the two raters was 0.83. The correlation (R 2 ), average MAD, and SEM in comparison with the radiographic measurement were 0.58, 4.88, and 4.78, respectively.
The intra-and interrater variation and reliability for both AOR and blinded measurements are illustrated in Table 2 . The average intrarater ICC [2, 1] value, MAD, and SEM of the AOR method were 0.95, 2.08, and 1.88, which were greatly improved in comparison with the blinded measurement (0.86, 3.48, and 2.58). 21 The interrater observation of the AOR method also showed noticeable change. The ICC [2, 1] , MAD, and SEM values of the AOR versus the blinded methods were 0.91, 2.68, and 2.38 versus 0.83, 3.28, and 2.88, respectively. Table 3 lists the measurement difference and the correlation between the US and radiographic measurement in overall (109) and major (73) curves from both raters. The number of missing curves was equivalent between the AOR and blinded methods. Comparing the AOR with the blinded method, the MAD, R 2 , and SEM showed significant improvement (P < 0.001). The smallest correlation with radiographs (R 2 ), maximum MAD, and maximum SEM were 0.88, 3.38, and 3.38, respectively. Figure 2 illustrates the differences between AOR and radiographic measurements versus the Cobb angles by rater 2. The measurement accuracy showed no difference over the range of curve severity, and the MAD for mild and moderate curves were 2.68 and 2.88, respectively. Table 4 summarizes the measurement difference between US and radiography for the different curve types. Of all types of curves, the correlations were 0.74-0.89 for the AOR method and 0.31-0.86 for the blinded method; and the SEM were 2.28-3.48 for the AOR method and 3.58-6.18 for the blinded measurement. In addition, the AOR method showed the least improvement for the thoracolumbar curves and greatest improvement for the lumbar curves. For thoracolumbar curves, the correlations of the AOR versus blinded methods of the two raters (rater 1/rater 2) were 0.77/0.85 versus 0.62/0.71; and the SEM were 3.08/2.38 versus 4.08/3.68. For lumbar curves, the correlations were 0.74/0.87 versus 0.41/0.31; and the SEM were 3.48/2.28 versus 5.38/6.18. Table 5 lists the analysis of the end-vertebra selection compared with the radiographic measurement using the AOR and blinded methods. The number of the same endvertebral levels (perfect agreement) between US images and radiographs from (rater 1/rater 2) was increased from 78/72 in the blinded method to 119/130 in the AOR method; the number of vertebral level that had more than two levels difference from (rater 1/rater 2) were decreased from 37/37 in the blinded method to 16/15 in the AOR method. The mean EI of the 2 raters ranged from 0.90-1.06 for the AOR method and 1.63-1.88 for the blinded method, which indicated approximately 43% improvement on endvertebral level selection.
For the power analysis, we have 0.9 power for overall 109 curves with a¼0.05 and mean ¼ 24.9 AE 9.08, 0.76 power for the 73 major curves with mean ¼ 26.5 AE 9.58.
DISCUSSION
US measurements have shown good agreement with radiographic methods on a phantom study. A strong correlation (R 2 ¼ 0.76) between the radiographic and US measurements was achieved, and the intra-and interobserver correlations were 0.99 and 0.89, respectively. 17 The MAD and the SD of the differences between the US and spine phantom (an adult and a pediatric) measurements were 1.27 AE 0.848 and 0.96 AE 0.878, respectively. 18 . A pilot clinical study of using the COL method to measure proxy Cobb angles on 26 AIS patients was also completed. 21 The ICC values of intra-and AOR indicates aid of previous radiographs; MAD, mean absolute difference; SD, standard deviation; SEM, standard error of measurement; US, ultrasound. Figure 2 . The measurement differences versus the Cobb angle from the radiographic measurements from rater 2 with mean and standard deviation.
interrater reliability on the US method were greater than 0.80. The correlation coefficient (R) of the Cobb angle measured from the US images and radiographs ranged from 0.78-0.84 for 3 raters, and the average SEM was 3.18. It indicated moderately accurate and reliable results. Another preliminary study on 20 AIS patients demonstrated that the US measurement with AOR showed higher correlation with radiograph (0.86 vs. 0.70-0.72) and better SEM (2.28 vs.
3.38) in comparison with the blinded measurements. 22 In this study, the correlation, average MAD, and SEM in comparison with the radiographic measurement in the blinded US method were 0.58, 4.88, and 4.78, respectively, which were slightly different from the previous study (0.618-0.718, 3.38-3.88, and 2.98-3.48). 21 The discrepancy could result from three possible reasons. First, a single measure was used in this study instead of the average of two measurements in the previous study. Secondly, in the previous study poor quality images were excluded if the vertebra structure could not be identified clearly; whereas in this study, all the images acquired during the study duration were used. For some US images with poor quality, the vertebra could be identified with the AOR and the measurement was feasible. It might be the cause of large errors of the blinded measurement. Thirdly, there were more tested samples in this study than the previous End-Vertebra Level Difference Number study. All these reasons might cause the discrepancy with the previous pilot study.
The AOR US method has significantly improved the reliability and accuracy of spinal curvature measurement compared with the blinded US method (P < 0.001). Both the intra-and interrater reliabilities were improved and greater than 0.90, which is comparable to the reliability of Cobb method (interrater: 0.87-0.99 and intrarater: 0.87-0.98). 7, 21, 24, 25 In comparison with the radiographic measures, the AOR method showed better correlation than the blinded method, which was 0.15-0.32 higher. The SEM of the AOR method and the radiographic measures was less than 38, which is smaller than the commonly accepted variance of the Cobb method (58). Furthermore, using the AOR method, the EI of the vertebra level was reduced to 0.90-1.06, which is closer to the results from radiographic measurement (0.39-0.63). 5 However, the AOR method did not show improvement on detecting the presence of curves. The number of missing curves remained similar to the number from the blinded measurement. The reason might be because of the percentages of the missing curves was already very small (<2%; 2 out of 109 curves), and all the missing curves appeared in the mild curve group (108-258).
For the measurement of different curve types, the AOR method was also better than the blinded methods. There was no significant measurement difference on the curve types in using the AOR method, but the blinded method showed poor correlation on the major thoracic and lumbar curves types. This discrepancy in the lumbar region may be because of the quality of the US image. Normally the lumbar region has a thicker muscle through which the US must pass and it may reduce the pulse/echo signals of the US.
Besides the overlaid AOR method, rater 2 also measured all the patients using the side-by-side AOR method, in which the current US image and previous radiograph were displayed side by side and the spinal curvatures were measured based on the Cobb angles and vertebral levels read from the radiographs. The side-by-side AOR method showed better performance than the blinded measurement, but less accurate results than the overlaid method. The MAD, R 2 , and SEM values of the overlaid AOR versus side-by-side AOR versus blinded methods were 2.78, 0.87, and 2.48 versus 3.68, 0.72, and 3.78 versus 4.68, 0.588, and 4.78, respectively. Comparing the three methods, the overlaid AOR method presents the most accurate results of all because of the better guidance on identifying the vertebra and their structures, but it takes the longest time to attain the measurement because of the observation of overlying images. Depending on image quality, the measuring time on one US image was 10-15 minutes for the overlaid method, whereas only 5-8 minutes for the side-by-side method and 3-5 minutes for the blinded method.
In conclusion, the US imaging method with the AOR can significantly improve reliability and accuracy of the spinal curvature measurement compared with the blinded method (P < 0.001), especially in the lumbar region where the blinded method has difficulty to achieve reliable measurement. Therefore, the AOR method may be considered as a reliable nonradiating technique for monitoring children with AIS, which may lead to a new assessment tool of scoliosis to minimize the amount of radiation exposure in growing children by reducing the role of radiographs. However, a large clinic trial is still needed to verify the accuracy and sensitivity of detecting the progression on AIS patients.
Key Points
The coronal curvatures on the US standing images can be reliably measured with AOR. The US method with the AOR significantly improved reliability and accuracy of the coronal curvature measurement compared with the blinded US method (P < 0.001) The EI of vertebral selection was improved compared with the AOR versus the blinded US methods.
